Nodulation and nitrogen fixation genes of Mesorhizobium loti are encoded on the chromosome of the bacterium. Nevertheless, there is strong evidence that these genes can be transferred from an inoculant strain to nonsymbiotic mesorhizobia in the field environment. Here we report that the chromosomal symbiotic element of M. loti strain ICMP3153 is transmissible in laboratory matings to at least three genomic species of nonsymbiotic mesorhizobia. The element is 500 kb in size, integrates into a phe-tRNA gene, and encodes an integrase of the phage P4 family just within its left end. The entire phe-tRNA gene is reconstructed at the left end of the element upon integration, whereas the 3 17 nucleotides of the tRNA gene are present as a direct repeat at the right end. We termed the element a symbiosis island on the basis of its many similarities to pathogenicity islands. It may represent a class of genetic element that contributes to microbial evolution by acquisition.
The considerable impact of horizontal gene transfer on microbial evolution has become apparent from recent molecular analyses (1) (2) (3) (4) . For example, many bacterial pathogens contain clusters of virulence genes not present in closely related nonpathogenic strains or species. These gene clusters may be located on transmissible phage or plasmids, but are often found as so-called pathogenicity islands on the chromosome (5) (6) (7) (8) . The acquisition of a pathogenicity island is likely to have been a key step in the evolution of the pathogen. For example, the SPI-1 pathogenicity island was probably acquired very early in the evolution of Salmonella and enabled that genus to invade epithelial cells (9, 10) . Pathogenicity islands range up to 190 kb in size, and most are found adjacent to or integrated within tRNA genes or flanked by insertion sequences. tRNA genes are targets for integration of plasmids and phage in a wide variety of bacteria, and pathogenicity islands in Dichelobacter nodosus and Vibrio cholerae are linked to phagederived integrase genes, suggesting that pathogenicity islands may have been acquired by a phage-mediated process (11) (12) (13) . However, transmissibility of pathogenicity islands has not been demonstrated and their evolutionary origin remains unknown.
We are working with Mesorhizobium loti, a species previously named Rhizobium loti, that is able to form nodules on several Lotus species. Mesorhizobium was recently described as a new genus of root nodule bacteria phylogenetically distinct from other root nodule bacteria of the genera Rhizobium and Bradyrhizobium on the basis of 16S rRNA gene sequence and other properties (14) . M. loti differs from Rhizobium species and some other Mesorhizobium species in that its symbiotic information is chromosome rather than plasmid encoded (15) (16) (17) . Nevertheless, we observed that genetically diverse symbiotic mesorhizobia, isolated from nodules off a stand of Lotus corniculatus established with a single inoculant strain, M. loti strain ICMP3153, in an area devoid of naturalized rhizobia able to nodulate the plant, contained an identical symbiotic DNA region to ICMP3153 (17) . It was proposed that the genetically diverse symbionts arose through horizontal transfer of a chromosomal symbiotic element from the inoculant strain of M. loti to nonsymbiotic mesorhizobia (17) . In support of this hypothesis, seven strains of nonsymbiotic mesorhizobia that belonged to four genomic species were subsequently isolated from the site where the diverse symbionts were found (18) . The nonsymbionts were all auxotrophic for thiamin and biotin and all but one were auxotrophic for nicotinate (18) . In contrast, ICMP3153 and the diverse symbiotic strains were prototrophic for all three vitamins, suggesting that the transferred element encodes genes required for vitamin synthesis as well as nodulation and nitrogen fixation genes.
Here we report transfer of the symbiotic element to three of the nonsymbiotic species, characterization of the ends and site of integration of the element, and determination of its size. The results indicate that nonsymbionts evolve into symbionts in a single step by acquisition of a 500-kb element that contains a phage-related integrase gene near one end and integrates into a tRNA gene. We have termed the transmissible element a symbiosis island in analogy to the pathogenicity islands of Gram-negative bacterial pathogens.
MATERIALS AND METHODS
Bacterial Strains. Mesorhizobium strain ICMP3153 is the symbiotic inoculant strain used by Sullivan et al. (17) . Strains CJ2, CJ3, CJ4, and CJ7 are nonsymbiotic Mesorhizobium strains that represent three genomic species (18) . Strains R8CS, R8CL, R12C, R16C, and R88B are diverse symbiotic strains isolated by Sullivan et al. (17) and belong to the same genomic species as strains CJ3 and CJ4. ICMP3153 belongs to a fourth species (18) .
Crosses. Double mutants of the nonsymbiotic strains resistant to streptomycin and rifampicin were isolated for use as recipients in matings with ICMP3153 as donor. Cultures were grown in TY broth (18) at 28°C for 48 h, and 500 l aliquots of donor and recipient cultures were mixed and filtered onto 2.5 cm diameter 0.45-m nitrocellulose filters. Filters were incubated on TY plates for 24 h at 28°C. Cells were then washed off the filters and serially diluted onto plates of selective medium. Selective medium was G/RDM (19) without vitamins supplemented with streptomycin and rifampicin.
Cosmid Walking. Two cosmid libraries of ICMP3153 DNA, one of partial EcoRI fragments cloned into pLAFR1 and the other of partial Sau3A fragments cloned into pIJ3200, were constructed as described (20, 21) . End fragments of cosmids
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were subcloned, usually as EcoRI/PstI fragments, for use as probes for walking. Each cosmid identified in the walk was hybridized to Southern blots of EcoRI and SpeI digests of ICMP3153, nonsymbiotic strains, and their symbiotic derivatives to exclude chimeric cosmids and false steps associated with repeated regions.
The SpeI map was constructed by cosmid walking from a number of points within the symbiotic element by using the two cosmid libraries. p637 and p806 were identified as described below. Other probes used to initiate walking were p384 and p692. p384 contained a HindIII fragment fortuitously identified during selection of randomly cloned HindIII genomic fragments for use as restriction fragment length polymorphism probes (17) . It hybridized to a 30-kb SpeI fragment. p692 contained an EcoRI/SpeI end fragment subcloned from the 120-kb SpeI fragment after excising the fragment from a pulse field gel. The 120-kb SpeI fragment was identified because it hybridized to pRLnodAC (17) .
Other DNA Manipulations. Procedures for genomic DNA isolation, pulse-field electrophoresis, and Southern hybridizations have been described (17) . To amplify right junction fragments of the symbiotic element, genomic DNA from diverse symbiotic strains was digested with SalI plus XhoI (strains R8CS and R8CL) or with BspEI (strain R88B), ligated and used as template for inverse PCR. Inverse PCR was carried out with primers IP1 (5Ј-ACCGATCGAGTTCGT-GGGCA) and IP2 (5Ј-GGTGCAGGTATGCCGGCGTCGT) that prime in opposite directions from within the right end of the element. Primers LE1 (5Ј-GAGCCCGCCACCGTCA-GACA) and LE2 (5Ј-GTGCTATAACCCACGCGCTT) were designed from an alignment of the left junction sequences of ICMP3153, CJ4Sym, and CJ7Sym and used to amplify by PCR and sequence the left junction region from strains R8CS, R8CL, and R88B. This amplification product was also used as the phe-tRNA hybridization probe. For sequence analysis, PCR products were purified by using a QIAquick kit (Qiagen, Chatsworth, CA) and plasmid templates were prepared by using a Quantum plasmid miniprep kit (Bio-Rad). Sequences were determined on both strands by using combinations of subcloned fragments and custom primers and an Applied Biosystems model 373A autosequencer. Databases at the National Center for Biotechnology Information were searched by using BLASTN and BLASTX (22) for similar sequences via e-mail.
RESULTS
Transfer of the Symbiotic Element. Strains CJ3, CJ4, and CJ7, representatives of three of the four nonsymbiont species isolated by Sullivan et al. (18) , were auxotrophic for biotin, thiamin, and nicotinate, whereas the symbionts were prototrophic. These phenotypic differences were used as the basis of a selection system to detect transfer of the symbiotic element. Derivatives of CJ3, CJ4, and CJ7 that had gained vitamin prototrophy were selected following overnight incubation of the nonsymbionts with ICMP3153 on filters on agar plates. Colonies appeared after 5-8 days incubation at 28°C at a frequency of about 5 ϫ 10 Ϫ7 per recipient. These were purified and found to nodulate L. corniculatus when assayed for symbiotic ability on aseptically grown seedlings (18) . Transfer of the element to the isolates was confirmed by Southern blot analysis (Fig. 1) .
The Symbiotic Element Integrates into a phe-tRNA Gene. Two nonsymbiont/symbiont pairings (CJ4 and CJ4Sym; CJ7 and CJ7Sym) were used, together with inoculant strain ICMP3153 and three diverse symbiotic rhizobia that acquired the element in the field, to determine the site of integration of the element. Cosmid walking was used to identify a cosmid that spanned a junction, arbitrarily assigned the right junction, of the element in ICMP3153. The walk was initiated by using p637, a cosmid initially isolated because it complemented nonsymbionts to biotin and nicotinate prototrophy (unpublished data). Southern blot analysis of EcoRI digests of genomic DNA showed that p637 was fully conserved in diverse symbiotic strains and did not hybridize to nonsymbiotic strains, indicating it was part of the symbiotic element. When probed to Southern blots of SpeI digests of the same strains separated on pulse field gels, p637 hybridized to two bands in each symbiotic strain, a conserved band of 145 kb and a band unique to each strain, the smallest of which was 55 kb. This finding indicated p637 contained an SpeI site and mapped within 55 kb of one end of the integrated element.
End fragments of p637 were cloned, and the end clone that hybridized to the unique SpeI band was used to initiate cosmid walking. The fifth cosmid in the overlapping series, p778, hybridized to fragments conserved between all symbiotic strains and also to fragments not conserved with ICMP3153 but conserved between each member of the paired symbiotic and nonsymbiotic strains. Hence p778 contained the junction fragment which was subsequently subcloned as a 3.5-kb EcoRV fragment. This subclone did not hybridize to nonsymbiotic strains, indicating DNA immediately downstream of the element was not strongly conserved between the strains, but hybridized to a 1.8-kb PvuII junction fragment of CJ4Sym and a 1.1-kb SalI junction fragment of CJ7Sym. These fragments were cloned and found to hybridize to 1.3-kb EcoRI/PvuII and 1.1-kb SalI fragments from their respective nonsymbiotic counterparts, which were also cloned.
The cloned fragment from the nonsymbiont CJ4 that contained the target site of integration was used to identify fragments containing the left junction of the element in three symbionts. Hybridization with the 1.3-kb EcoRI/PvuII clone from CJ4 identified a 1.2-kb SalI left-junction fragment of CJ4Sym and a 1.3-kb left-junction PstI fragment of CJ7Sym that were cloned. The clone was also used to locate cosmid p806 from the ICMP3153 pLAFR1 library. p806 hybridized to fragments conserved between all symbiotic strains, to fragments not conserved with ICMP3153 but conserved between each pair of symbiotic and nonsymbiotic strains, and to one fragment unique to each strain. The unique fragments presumably spanned the left junction of the element in the 
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Genetics: Sullivan and Ronson Proc. Natl. Acad. Sci. USA 95 (1998) symbionts and contained the integration target site in the nonsymbionts. A 6.1-kb EcoRI fragment containing the left junction region was subcloned from p806 for sequencing. The various junction and insertion site fragments were sequenced and primers were then designed from the sequences to amplify left and right junction fragments from the diverse symbiotic field isolates R8CS, R8CL, and R88B. These amplification products were also sequenced.
Comparative analysis of the sequences showed that the element inserted into a phe-tRNA gene in all strains (Fig. 2) . The entire phe-tRNA gene was reconstructed at the left end of the element (Fig. 2B) , whereas the 3Ј 17 nucleotides of the gene were present as a direct repeat at the right end (Fig. 2C) . The strains diverged immediately beyond the 17-bp region and thereafter fell into three homology groups that showed little similarity to each other in the 130-bp region sequenced for all strains (Fig. 2C and data not shown) . In comparison, the sequence upstream of the tRNA was strongly conserved for at least 60 bp between the strains (Fig. 2B and data not shown) .
The Element Is at Least 500 kb in Size. To determine the size of the integrated element, a provisional SpeI physical map of the element was constructed by cosmid walking from a number of points within the element (Fig. 3A) . All SpeI fragments were linked but three large fragments within the element (80, 120, and 145 kb) were not fully covered (Fig. 3B) . Hence the possibility of contiguous fragments of identical size was not eliminated. However the data establish that the element is at least 500 kb in size (Fig. 3B) .
Nucleotide Sequences Within the Left and Right Ends of the Element. Sequences of 6.1 kb at the left-end junction, including 4.2 kb within the element, and 3.8 kb at the right-end junction, including 3.4 kb within the element, were determined for strain ICMP3153. Within the left end of the element, an ORF of 419 aa initiated 198 bp downstream of the tRNA gene (Fig. 3B) . This ORF was homologous (about 36% identity and 53% similarity over the full length) to members of the phage P4 integrase subfamily including retronphage phiR73 integrase and the integrases associated with pathogenicity islands in V. cholerae and D. nodosus (Fig. 4) (12, 13, (23) (24) (25) (26) . Two further ORFs of 385 aa and 391 aa (initiation codon beyond sequenced region) downstream of the integrase had no homologues in the databases. Upstream of the element were two divergently transcribed ORFs, a partial ORF with homology to sugarbinding proteins and a 290 aa ORF with homology (26% identity, 48% similarity) to a regulatory protein, MelR, involved in melibiose uptake in Escherichia coli (Fig. 3B) .
Within the right end, an ORF of 366 aa had no homologue in the databases and a second ORF of 326 aa showed significant similarity to the fungal endonucleases S1 (32% identity, 45% similarity over 205 aa), P1, and PA3 (27) (28) (29) . About 150 bp downstream of this ORF was a 505-bp region with 62% nucleotide identity to insertion sequences from Caulobacter crescentus (IS511) and Rhizobium meliloti (ISRm6) that are members of the IS3 family (30, 31) . The translated sequence showed 60% identity to residues 99 -263 of the 308-aa OrfB integrase of these IS sequences, but the element sequence was disrupted by a stop codon at the position corresponding to residue 203 and, in addition, there was no nucleotide or amino acid homology to the remainder of the IS OrfB. Hence it is unlikely that the element encodes an active integrase protein in this region. A further 183 bp downstream of the IS homology and 318 bp from the end of the element was a 35-bp sequence with 88% identity to the 3Ј 35 bp of a methionine tRNA gene. This sequence was in the opposite orientation to the phe-tRNA located at the left junction (Fig. 3B) . It seems possible that the partial mettRNA gene and truncated IS integrase are relics that became part of the element as a result of previous integration or transfer events.
DISCUSSION
We have shown that the chromosomal symbiotic element of M. loti strain ICMP3153 is transmissible in laboratory matings to at least three genomic species of nonsymbiotic mesorhizobia. The 500-kb element integrates into a phetRNA gene and encodes an integrase of the phage P4 family just within its left end. The entire phe-tRNA gene is reconstructed at the left end of the element upon integration, whereas the 3Ј 17 nucleotides of the tRNA gene are present as a direct repeat at the right end.
We propose the term symbiosis island for the element in analogy to the pathogenicity islands of Gram-negative bacterial pathogens. Like the symbiosis island, many pathogenicity islands are integrated adjacent to tRNA genes and convert environmental strains to strains able to form close associations with eukaryotic hosts (6) (7) (8) . Other parallels between pathogenicity and symbiosis islands are that genes encoded on the islands are found in a broad range of species (32) , and genes found on an island in one species may be located on a plasmid in another species. The symbiosis island differs from pathogenicity islands in that it is larger than any studied to date, comprising Ϸ10% of the genome of its host, and its transmission has been demonstrated. Phage P4 and phiR73 integrate into tRNA genes with the 3Ј-terminal CCA defining the border of their attachment sites, such that tRNA function is not affected by integration or excision (33, 34) . Integration of the symbiosis island within the phe-tRNA gene is likely to be mediated by the P4-related integrase in a similar fashion, with the 17-bp 3Ј portion of the phe-tRNA comprising the island attachment site. The use of a highly conserved tRNA gene as the site of integration, and the transfer of the island to three genomic species, suggest that the island may have a broad host range. Two pathogenicity islands in E. coli strain J96, PAI-4 and PAI-5, are associated with phe-tRNA genes (35) , whereas E. coli pathogenicity islands PAI-1, PAI-2, and LEE are associated with tRNA genes targeted by P4 (leuX) or phiR73 (selC) (32, 36) . A conjugative transposon encoding sucrose utilization, CTnscr94, found in enteric bacteria also targets a phe-tRNA gene (37) . We propose that the symbiosis island, CTnscr94, and pathogenicity islands represent a class of transmissible chromosomal genetic elements with features of phage, plasmids, and transposons. Further study of the symbiosis island should yield insight into its evolution and mode of transmission, and in more general terms, into mechanisms by which bacteria acquire clusters of genes such as pathogenicity islands that enable them to interact with eukaryotic hosts.
Acquisition of the symbiosis island converts a saprophyte into a symbiont. Therefore, as well as encoding genes required for nodule formation and symbiotic nitrogen fixation, the island is likely to contain other genes that contribute specifically to the success of the plant-microbe interaction. These genes may include genes required for the biosynthesis of biotin, nicotinate, and thiamin, as acquisition of the island converts the strains from auxotrophy to prototrophy for these vitamins. The absence of these functions in saprophytic nonsymbiotic mesorhizobia suggest they are not necessary and may be detrimental for a saprophytic lifestyle; their presence on the transferred DNA suggests they may contribute a competitive advantage in the presence of the host legume.
Acquisition of an island enables a bacterium to expand its genome to exploit new environmental niches. The reconstruction of the tRNA gene following integration provides the opportunity for acquisition of multiple islands in a tandem array and hence for the rapid diversification of bacterial populations. Such acquisition could account for the greater sequence variation found downstream of the insertion site among the strains examined compared with that found upstream ( Fig. 2 and unpublished data) , including between two strains R8CS and CJ4Sym that belong to the same species. Acquisition or loss of islands could also account for the divergence, apparently caused by gain or loss of large blocks of DNA, observed among environmental isolates of Pseudomonas aeruginosa (38) . Certainly future studies of gene transfer between microbes in the environment should take account of the possibility that this transfer may be mediated by chromosomal islands.
